Introduction {#sec0005}
============

NMDARs are implicated in a wide variety of Ca^2+^-dependent cellular processes in the brain -- normal and pathological -- ranging from synaptic plasticity, the basis of learning and memory, to excitotoxicity and cell death ([@bib0045]; [@bib0050]; [@bib0140]; [@bib0215]). All NMDARs contain one or more of the obligatory glycine-binding GluN1 subunits, which when assembled with glutamate-binding GluN2 (GluN2A-GluN2D) subunits of the same type, give rise to conventional diheteromeric NMDARs (*d*-NMDARs). Triheteromeric NMDARs, on the other hand, contain three different types of subunits ([@bib0035]; [@bib0080]; [@bib0105]; [@bib0120]; [@bib0135]; [@bib0215]; [@bib0240]), and include receptors that are composed of one or more subunits from each of the three gene families, notably the glycine-binding GluN3 subunit, designated *t*-NMDARs ([@bib0010]; [@bib0095]; [@bib0170], [@bib0175]).

These glutamate-activated, voltage-dependent ionotropic channels are Ca^2+^ permeable and widely believed to be nonselective to cations ([@bib0065]; [@bib0150]). Lack of selectivity is however not the default state because ion channels are inherently highly selective for an ion species and single amino acid substitutions within their selectivity filters can drastically alter their ion-selective properties. Asparagine residues at homologous locations within the pore-forming transmembrane 2 (TM2) domains of proteins that constitute the selectivity filter are therefore conserved in all members of the GluN1 and GluN2 subunit families enabling *d*-NMDARs to select for both Na^+^ and Ca^2+^ ions ([@bib0020]; [@bib0245]). However, the consequences of incorporating GluN3, a subunit in which the asparagine is replaced with glycine, on cation selectivity of *t*-NMDARs have not been elucidated. Here, we show that a triheteromeric assembly of GluN1, GluN2 and GluN3 subunits can render native synaptic NMDARs selective for Ca^2+^ over Na^+^, in contrast with receptors assembled with just GluN1 and GluN3 subunits that exhibit the opposite trend ([@bib0060]; [@bib0125]).

We chose the entorhinal and somatosensory cortices in brain tissue to assay for differences in Ca^2+^ permeability through these receptors owing to the inherent difficulty of stably expressing *t*-NMDARs using expression systems without precluding the co-expression of *d*-NMDARs ([@bib0055]; [@bib0230]). Furthermore, we believe that artificially reconstituted NMDARs may be functionally distinct from those native to brain tissue. The areas chosen have been used in our previous studies to isolate and characterize *t*-NMDARs at *synapses*, to delineate them from *d*-NMDARs at the same or separate synaptic inputs onto neurons in intact brain slices, and to assay their subunit stoichiometry using a combination of approaches including electrophysiology, pharmacology and cell biology ([@bib0010]; [@bib0170], [@bib0175]). Our data suggests that permeation of Na^+^ and Ca^2+^ through *t*-NMDAR channels in these areas is governed by cation selectivity with the GluN3 subunit as a *regulatory* element. Furthermore, we show that increased selectivity for Ca^2+^ in these receptors underlies their increased permeability to it compared with *d*-NMDARs. Thus, GluN3-containing *t*-NMDARs and GluN2-containing *d*-NMDARs may belong to a spectrum of receptor channels with variable levels of Ca^2+^ selectivity relative to Na^+^ wherein the schema for ion selectivity in non-ligand gated ion channels seems to have carried over to ligand-gated channels despite differences in the make-up of their selectivity filters. Subunit-dependent cation selectivity represents a hitherto unrealized mechanism for finer control of Ca^2+^ influx that further enhances the repertoire of synaptic NMDARs.

Experimental procedures {#sec0010}
=======================

All experiments were carried out in accordance with the National Institutes of Health *Guide for the Care and Use of Laboratory Animals* and were approved by the Florida State University Institutional Animal Care and Use Committee.

Electrophysiological recording {#sec0015}
------------------------------

Electrophysiology was carried out in acute thalamocortical and entorhinal cortical slices cut from brains of adult male Sprague Dawley rats as described before in detail ([@bib0100]; [@bib0170]). Slices equilibrated in oxygenated (95 % O~2~/5% CO~2~) aCSF (in mM: 126 NaCl, 26 NaHCO~3~, 3 KCl, 1.25 NaH~2~PO~4~, 2 MgSO~4~, 2 CaCl~2~, and 10 [d]{.smallcaps}-glucose, pH 7.4), first at 32 °C for 1 h and subsequently at room temperature (RT) before being transferred to the recording chamber. Whole-cell patch clamp recordings (Multiclamp 700B amplifier / pClamp, Molecular Devices) were made from excitatory pyramidal neurons at 32 °C with electrodes (1.2--2 μm tip diameters; 3−6 MΩ) containing the following (in mM) 120 cesium gluconate, 1 MgCl~2~, 1 CaCl~2~, 11 CsCl, 10 HEPES, 2 NaATP, 0.3 NaGTP, 1 QX-314, 11 EGTA, and 20 biocytin (pH 7.3 was corrected with Cs-OH, 290 mOsm). Stimulating electrodes (CE-2C75 and/or CB-ARC75, FHC) delivered constant current pulses 50 μs in duration and 1--50 mA in amplitude at low frequencies (0.1−0.3 Hz) to activate distinct pathways. A minimal stimulation paradigm was used to evoke single-fiber responses ([@bib0105]) that consisted of increasing current intensity until postsynaptic responses could be evoked and were held constant at ∼1.2 times threshold. Series resistance was monitored continuously, and cells in which this parameter exceeded 15 MΩ or changed by \>20 % were rejected. Series resistance compensation was not used. Current-voltage relationships, obtained by changing membrane potential according to a predetermined randomized sequence, are presented as ensemble averages of EPSC amplitudes normalized to their respective values at -84 mV (corrected for liquid junction potential) for each cell in a group ([@bib0010]), irrespective of the shape of their *I--V*s. Normalizing responses at potentials close to rest precluded distortions in the directionality of the currents recorded at various holding potentials ([@bib0095]). AMPA and NMDA receptor-mediated EPSCs were isolated pharmacologically using bath / local perfusion of a cocktail in aCSF containing (in μM) 50 picrotoxin and either 40 D-AP5, 0.1 NBQX (for AMPA) or, 10 NBQX (for NMDA).

Ion substitution experiments done at RT were used to assess Ca^2+^ permeability through NMDARs ([@bib0110]; [@bib0170]). High-Ca^2+^ solutions were applied either via the bath or local perfusion system that enabled fast exchange of media at the level of the synapse ([@bib0110]). Sections were maintained in oxygenated (100 %) HEPES-buffered Ringer's solution comprising (in mM): 135 NaCl, 2.5 KCl, 1 MgCl~2~, 10 HEPES, and 1.8 CaCl~2~, pH adjusted with NaOH to 7.4 and osmolarity with sucrose to 290 mOsm. Picrotoxin and NBQX (50 and 10 μM respectively) were added to the 1.8 (control), 10, and 20 mM Ca^2+^ solutions which were identical in composition to the bathing media except for CaCl~2~ and NaCl concentrations which varied as (in mM): 1.8 and 135, 10 and 122.7, and 20 and 107.7, respectively. Reversal potentials (*E*~rev~) were estimated from *I--V* relationships by linear interpolation of data points within ±20 mV of where EPSCs changed polarity. Permeability ratios were computed using ionic activities instead of concentrations. Activity coefficients (γ) for various ions were computed ([@bib0110]; [@bib0130]; [@bib0180]). The respective γ values estimated for Na^+^, K^+^, and Ca^2+^ for the different Ca^2+^ solutions were as follows: 1.8 mM Ca^2+^, 0.75, 0.71, and 0.298; 10 mM Ca^2+^, 0.74, 0.69, and 0.295; and 20 mM Ca^2+^, 0.72, 0.69, and 0.29. γ for the Cs^+^-based internal solution (\[Cs^+^\]~i~ =131 mM) was 0.72. Final ionic activity for solutions was computed as the product of γ and the corresponding molar concentration ([@bib0170]). The permeability of Ca^2+^ (P~Ca~^2+^) and Na^+^ (P~Na~^+^) relative to Cs^+^ (P~Cs~^+^ / P~K~^+^ assumed 1) was estimated from a nonlinear least-squares fit (using the Levenberg-Marquardt algorithm; Origin V6.0, Microcal Software, Northampton, MA) of *E*~rev~ of the NMDA receptor-mediated EPSCs (as a function of Ca^2+^ activity) to the extended constant-field Goldman--Hodgkin--Katz (GHK) equation ([@bib0130]):$$E_{rev} = \,\frac{RT}{F}{\text{ln}\frac{- b + ({b^{2} - 4ac)}^{\frac{1}{2}}}{2a}}$$in which,$$a = \left\lbrack \left. {Cs}^{+} \right\rbrack_{i} + 4\frac{P_{{Ca}^{2 +}}}{P_{{Cs}^{+}}}\left\lbrack \left. {Ca}^{2 +} \right\rbrack_{i} + \frac{P_{{Na}^{+}}}{P_{{Cs}^{+}}}\left\lbrack \left. {Na}^{+} \right\rbrack_{i} \right. \right. \right.$$$$b = (\left\lbrack \left. {Cs}^{+} \right\rbrack_{i} - \left\lbrack \left. K^{+} \right\rbrack_{o} \right) + \frac{P_{{Na}^{+}}}{P_{{Cs}^{+}}}(\left\lbrack \left. {Na}^{+} \right\rbrack_{i} - \left\lbrack \left. {Na}^{+} \right\rbrack_{o} \right) \right. \right.$$$$c = \, - \left\lbrack \left. K^{+} \right\rbrack_{o} - \frac{P_{{Na}^{+}}}{P_{{Cs}^{+}}}\left\lbrack \left. {Na}^{+} \right\rbrack_{o} - 4\frac{P_{{Ca}^{2 +}}}{P_{{Cs}^{+}}}\left\lbrack \left. {Ca}^{2 +} \right\rbrack_{o} \right. \right. \right.$$and *F* (9.648 × 10^4^ C/mol) is the Faraday constant, *z* (+2) is the valence, *R* (8.315 J K^−1^ mol^−1^) is the gas constant, and *T* (32 °C/305.2°K) is the temperature.

*Sequence data*: The amino acid sequences near the second transmembrane (TM2) segments of NMDA receptor subunits were obtained from the NCBI protein data base using accession numbers: NP_001257531.1, \[RN\] GluN1; NP_036705.3, \[RN\] GluN2A; NP_036706.1, \[RN\] GluN2B; Q00961.1, \[RN\] GluN2C; NP_073634.1, \[RN\] GluN2D; Q9R1M7.1, \[RN\] GluN3A; Q8VHN2.2, \[RN\] GluN3B. The sequences were aligned using *ClustW2* multiple sequence alignment computer program (EMBL-EBI).

Results {#sec0020}
=======

The data for [Fig. 1](#fig0005){ref-type="fig"} and portions of [Fig. 2](#fig0010){ref-type="fig"} was obtained from earlier studies ([@bib0010]; [@bib0170]) and are being presented here to showcase the differences and/or similarities between *t*-NMDAR properties between the somatosensory and entorhinal cortices.Fig. 1Assessment of Ca^2+^ permeability and selectivity in *t*- and *d*-NMDARs on pyramidal neurons (layer 5) of the somatosensory cortex using ion-substitution experiments. The data in this figure was obtained from an earlier study ([@bib0170]) and is being presented here for showcasing the differences and/or similarities between *t*-NMDAR properties between the somatosensory and entorhinal cortices. ***A***: electrophysiological recording in a thalamocortical slice preparation (*left*, differential interference contrast image) and schematic (*right*) of the placement of stimulating (S~1~, S~2~ for layer 1/L1 and striatal/Str stimulation respectively), local perfusion (P) and recording (R) electrodes in relation to the barrels (demarcated regions in layer 4), striatum (Str), and hippocampus (Hip). ***B-C***: current-voltage (*I-V*) relationships (raw data, *left*; normalized data, *right*) of the pharmacologically-isolated NMDA (N) and AMPA (A) receptor-mediated EPSCs evoked by concomitant alternate minimal-stimulation of Str (***B1-B4***) and L1 (***C1-C4***) inputs under (in mM) 1.8 (aCSF, *B1, C1*; *B4, C4*), 10 (*B2, C2*) and 20 (*B3, C3*) extracellular Ca^2+^ concentrations. Insets in B1 and C1 are representative sets of NMDAR-mediated EPSCs (averaged from ≥ 10 traces) at the indicated holding potentials (mV). A schematic of the putative subunit composition of the GluN2 subunit-containing di (*d*, *blue*) and GluN2 + GluN3 subunit-containing triheteromeric (*t*, *red*) NMDARs (*insets*) and their location at corresponding inputs shown color-coded along the dendrite. ***D***, Averaged shifts in reversal potential (E~rev~ in HEPES-buffered Ringer's solution, *red arrowheads*) of NMDAR-mediated EPSCs (measured from individual *I-V*s) as a function of extracellular Ca^2+^ concentration for the respective pathways. Relative permeability of Ca^2+^ and Na^+^ obtained from fits of data with the extended GHK constant-field equation (dashed lines; *R*, correlation coefficient) is shown in the boxed inset. Each point on the plots represents an ensemble average from a number of cells and error bars represent SEM, where this is greater than the size of the symbol. Statistical comparisons are between E~rev~ for NMDARs in the two pathways. \*\**P* \<  0.01; *ns P* \> 0.05, *t*-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 1Fig. 2Assessment of Ca^2+^ permeability and selectivity in NMDARs on pyramidal neurons (layer 3) of the medial entorhinal cortex (MEA) using ion-substitution experiments. Portions of the data in this figure were obtained from an earlier study ([@bib0010]) and are being presented here for showcasing the differences and/or similarities between *t*-NMDAR properties between the somatosensory and entorhinal cortices. ***A1-A2***: electrophysiological recording from neurons expressing GluN2 subunit-containing *d*-NMDARs (*location 1*) and GluN2 + GluN3 subunit-containing *t*-NMDARs (*location 2*) in a horizontal slice preparation (*left*) and schematic (*right*) of the placement of stimulating (S) and recording (R) electrodes at the two locations within MEA (demarcations shown separate the medial and lateral portions of the entorhinal area; A1). Traces (*right panel*) are averaged EPSCs recorded in the two neuron types under the indicated conditions shown here to illustrate directionality of currents and kinetic changes during the sequence of manipulations leading up to the holding potential of +16 mV (A2) ***B-D***: current-voltage (*I-V*) relationships (raw data, *left*; normalized data, *right*) of the pharmacologically-isolated NMDA (N) and AMPA (A) receptor-mediated EPSCs evoked by minimal stimulation of local afferents at recording locations 2 (***B1-B4***) and 1 (***C1-C4***) under (in mM) 1.8 (aCSF, *B1, C1*; *D*), 10 (*B2, C2*) and 20 (*B3, C3*) extracellular Ca^2+^ concentrations. Insets in B1 and C1 are representative sets of NMDAR-mediated EPSCs (averaged from ≥ 10 traces) at the indicated holding potentials (mV). A schematic of the putative subunit composition of the di (*d*, *blue*) and triheteromeric (*t*, *red*) NMDARs (*insets*) is shown color-coded depending on their location within MEA. ***E***, Averaged shifts in reversal potential (E~rev~ in HEPES-buffered Ringer's solution, *red arrowheads*) of NMDAR-mediated EPSCs (measured from individual *I-V*s), as a function of extracellular Ca^2+^ concentration for two neuron types. Relative permeability of Ca^2+^ and Na^+^ obtained from fits of data with the extended GHK constant-field equation (dashed lines; *R*, correlation coefficient) is shown in the boxed inset. Each point on the plots represents an ensemble average from a number of cells and error bars represent SEM, where this is greater than the size of the symbol. Statistical comparisons are between E~rev~ for NMDARs in the two locations. \*\*\**P* \<  0.0001; *ns P* \> 0.05, *t*-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 2

Differentiating *t*- and *d*-NMDAR mediated EPSCs in brain tissue {#sec0025}
-----------------------------------------------------------------

Synaptic *t*-NMDARs are distinguished from *d*-NMDARs in brain slices ([Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"}) by the current-voltage relationship profile (*I--V*) of their excitatory postsynaptic currents (EPSCs), decay kinetics and antagonism with D-serine and/or D-AP5 ([@bib0010]; [@bib0170], [@bib0175]). Whole-cell voltage-clamp recordings are made from visually identified pyramidal neurons in a region of interest ([Figs. 1](#fig0005){ref-type="fig"}A, [2](#fig0010){ref-type="fig"}A1) in response to minimal stimulation of local afferents. The evoked EPSCs are dissected pharmacologically to isolate the NMDAR-mediated component from the AMPAR-mediated component using a cocktail of picrotoxin (PTX, 50 μM) and NBQX (10 μM) in either aCSF or HEPES-buffered Ringer's solution (ion substitution experiments) and confirmed through antagonism with D-AP5 (40 μM) ([Fig. 2](#fig0010){ref-type="fig"}A2). The voltage-dependence of the pharmacologically-isolated NMDAR-mediated responses, measured using peak EPSC amplitudes at various holding potentials in the range -84 to +26 mV ([Figs. 1](#fig0005){ref-type="fig"}C1--C3, B1--B3; [2](#fig0010){ref-type="fig"}B1--B3, C1--C3), is used for determining rectification and reversal potential (E~rev~). *t*-NMDAR-mediated synaptic currents have outwardly-rectifying *I--V* relationships with EPSCs reversing polarity at hyperpolarized holding potentials ([Figs. 1](#fig0005){ref-type="fig"}C[Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"}B1) compared with *d*-NMDARs that have prominent regions of negative slope and reverse polarity around 0 mV, the reversal potential for glutamate ([Figs. 1](#fig0005){ref-type="fig"}B1, [2](#fig0010){ref-type="fig"}C1). The *t*-NMDAR-mediated EPSCs are AMPA-like with rapid decay kinetics and reduced affinity for Mg^2+^ unlike those mediated by *d*-NMDARs which are relatively much slower and blocked by Mg^2+^ at rest. While both *t*- and *d*-NMDAR responses are antagonized by the selective pan-NMDAR antagonist D-AP5, only *t*-NMDAR mediated EPSCs are antagonized by D-serine. We used these criteria to delineate *t*- from *d*-NMDAR-mediated synaptic currents in the somatosensory barrel cortex ([@bib0170], [@bib0175]) and in the medial entorhinal area of the rat brain ([@bib0010]).

Ca^2+^ permeability and selectivity in *t*- and *d*-NMDARs in the somatosensory cortex {#sec0030}
--------------------------------------------------------------------------------------

To compare Ca^2+^ permeability in native *t*- versus *d*-NMDARs, we took advantage of receptors at layer (L)1/primary whisker-motor-cortex inputs onto L5 pyramidal neurons in somatosensory cortex that are triheteromeric assemblies of GluN1, GluN2B and GluN3A subunits, and those at thalamic/striatal (Str) inputs onto the same neurons that are diheteromeric, containing GluN1 and GluN2A subunits ([@bib0170]). The co-expression of these synaptic receptors in single neurons enabled a firsthand comparison of their properties under the more physiological setting of acute brain slices in which both inputs could be stimulated concomitantly while recording from individual neurons ([@bib0105]) ([Fig. 1](#fig0005){ref-type="fig"}A). If indeed GluN3-containing *t*-NMDARs at L1 inputs are selective for Ca^2+^ over Na^+^, the *I--V* relationships of the pure, pharmacologically-isolated EPSCs would be expected to reverse polarity at hyperpolarized holding potentials, closer to the equilibrium potential for K^+^ (E*~eq~*~,\ K~*~+~*) and away from the equilibrium potential for Na^+^ (E*~eq~*~,\ Na~*~+~*), instead of ∼ 0 mV, the reversal potential (E*~rev~*) expected in *d*-NMDARs at Str inputs, established jointly by Na^+^ and K^+^. The permeability of GluN3-containing *t*-NMDARs to Cl^−^ has not actually been assessed even though NMDARs have been suggested to be impermeable to it ([@bib0130]; [@bib0210]). Although Ca^2+^ contributes minimally to E*~rev~*, owing to the relatively smaller concentrations inside and outside neurons under normal physiological conditions, K^+^ efflux through these receptors (outwardly rectifying current at hyperpolarized potentials) would be countered by Ca^2+^ influx (E~eq~, ~Ca2+~ \>\> 0 mV). Additionally, *I--V*s for NMDARs at L1 inputs would not be expected to display prominent regions of negative slope compared with Str inputs, owing to smaller Na^+^-mediated inward currents. Finally, because ion selectivity is not necessarily correlated with ion permeability, best exemplified by the NMDAR's voltage-dependent Mg^2+^ blockade, the hyperpolarized E*~rev~* of GluN3-containing *t*-NMDARs at L1 inputs would be expected to either remain invariant or shift in the positive direction (towards E~eq~, ~Ca2+~) upon elevation of extracellular Ca^2+^, if these receptors are to be deemed Ca^2+^ permeable ([@bib0005]; [@bib0130]).

Indeed, unlike NMDAR-mediated EPSCs at Str inputs whose *I--V*s reversed polarity close to 0 mV (5.1 ± 0.6 mV, n = 23 cells, aCSF; [Fig. 1](#fig0005){ref-type="fig"}B1) and displayed prominent regions of negative slope ([Fig. 1](#fig0005){ref-type="fig"}B1--B3), NMDAR-mediated EPSCs at L1 inputs consistently reversed polarity at a significantly hyperpolarized holding potential (−35 ± 4 mV, n = 12 cells, aCSF; *p* \<  0.01, *t*-test; [Fig. 1](#fig0005){ref-type="fig"}C1) and were characterized by outwardly-rectifying *I--V*s ([Fig. 1](#fig0005){ref-type="fig"}C1--C3). Recording conditions were optimal for making these measurements as *I--V*s for the pure, pharmacologically-isolated AMPAR-mediated components at both inputs were linear as expected with EPSCs reversing polarity close to 0 mV (5.4 ± 2.8 mV for Str inputs and 4.1 ± 3.0 mV for L1, n = 13 cells, aCSF; *p* =  0.8, *t*-test; [Fig. 1](#fig0005){ref-type="fig"}B4, C4). Upon isosmotic elevations in extracellular Ca^2+^ from 1.8 mM (similar to aCSF) to 10 mM and subsequently to 20 mM, E*~rev~* shifted in a positive direction for both Str (-3.8 mV → 2.5 mV → 7.2 mV; *p* =  0.2, repeated-measures ANOVA; [Fig. 1](#fig0005){ref-type="fig"}B2--B3) and L1 inputs (−27.2 mV → -4.8 mV → 4.3 mV; *p* \<  0.05, repeated-measures ANOVA; [Fig. 1](#fig0005){ref-type="fig"}C2--C3). The shifts in E*~rev~* were overall greater for L1 compared to the Str EPSCs, with maximal change occurring in L1 during transition from 1.8 mM to 10 mM ([Fig. 1](#fig0005){ref-type="fig"}D). While the permeability of divalent Ca^2+^ (P~Ca~^2+^) relative to monovalent Cs^+^ (P~Cs~^+^ assumed 1), estimated through optimal fits of the data using the extended GHK constant-field equation (Mayer ML and Westbrook GL, 1987), for NMDARs at L1 inputs was similar to P~Ca~^2+^ for NMDARs at Str inputs (9 ± 3 vs. 7 ± 2 respectively; *p* =  0.6, *t*-test; n = 6 cells), the relative permeability of Na^+^ (P~Na~^+^, kept a free parameter) for the same receptors at L1 inputs was significantly smaller than P~Na~^+^ for receptors at Str inputs (0.2 ± 0.1 vs. 0.8 ± 0.1 respectively; *p* \<  0.005, *t*-test). Thus, relative to Na^+^, the GluN1, GluN2B and GluN3A containing *t*-NMDARs at L1 inputs are ∼5-fold more permeable to Ca^2+^ than the GluN1/GluN2A-containing NMDARs at Str inputs (P~Ca~^2+^/P~Na~^+^ or the fractional Ca^2+^ current ([@bib0200]), for L1 ≥ P~Ca~^2+^/P~Na~^+^ for Str). Additionally, these data confirm that GluN3 containing *t*-NMDARs at L1 inputs are not only permeable to Ca^2+^, they are selective for Ca^2+^ over Na^+^ (0 \< P~Na~^+^ \<\< 1), as corroborated by the hyperpolarized non-zero E*~rev~* of their EPSCs, in contrast with the non-GluN3 containing *d*-NMDARs at Str inputs.

Ca^2+^ permeability and selectivity in *t*- and *d*-NMDARs in the entorhinal cortex {#sec0035}
-----------------------------------------------------------------------------------

While the somatosensory cortex highlighted input-specific differences in ion selectivity between *t*- and *d*-NMDARs, we tested the generality of these observations in the medial entorhinal area (MEA, [Fig. 2](#fig0010){ref-type="fig"}A1) where L3 pyramidal neurons could be segregated into those that expressed *d*-NMDARs alone (occupy medial portions of the MEA, juxtaposed with the presubiculum and parasubiculum) and those that expressed both receptor subtypes (spread throughout the bulk of the MEA) ([@bib0010]). These neurons could be distinguished from one another based on the directionality of their pharmacologically-isolated NMDAR-mediated EPSCs when depolarized from rest (say to a holding potential of -44 mV) and by their decay kinetics ([Fig. 2](#fig0010){ref-type="fig"}A2). Accordingly, the *I--V*s were outwardly rectifying in ∼80 % of neurons assayed, indicating expression of GluN1/GluN2/GluN3-containing *t*-NMDARs ([Fig. 2](#fig0010){ref-type="fig"}B1--B3), and of the conventional type, reversing close to 0 mV with prominent regions of negative slope, in rest of the neurons sampled (∼20 %), indicating expression of GluN1/GluN2-containing *d*-NMDARs ([Fig. 2](#fig0010){ref-type="fig"}C1--C3). Blocking *t*-NMDARs in neurons with outwardly rectifying *I--V*s pharmacologically, with D-serine for example, unmasked *d*-NMDARs, with all responses antagonized using D-AP5 ([@bib0010]). Unlike the somatosensory cortex however, pyramidal neurons in MEA did not show any pathway specify differences in properties of NMDAR-mediated EPSCs which were uniform throughout each of the two distinct populations (*I--V*s evoked by on- or off-column stimulation between L1 and L3 remained invariant). Only the *t*-NMDAR containing neurons showed the atypical hyperpolarized E*~rev~* (-69 ± 3 mV, n = 14 cells, aCSF; [Fig. 2](#fig0010){ref-type="fig"}B1) but not those containing *d*-NMDARs (E*~rev~* ∼0 mV, n = 4 cells, aCSF; [Fig. 2](#fig0010){ref-type="fig"}C1). Furthermore, *I--V*s for the pharmacologically-isolated AMPAR-mediated component in these neurons were linear with EPSCs reversing polarity close to 0 mV (−7 ± 2 mV, n = 12 cells, aCSF; [Fig. 1](#fig0005){ref-type="fig"}D). Although shifts in E*~rev~* to positive potentials were observed in both neuron types, upon isosmotic elevations in extracellular Ca^2+^ from 1.8 mM to 10 mM and subsequently to 20 mM (GluN3-containing: −36 mV → 0.7 mV →5.4 mV; GluN3-lacking: −6.3 mV → 10.2 mV → 26.7 mV; *p* \<  0.01 for both, repeated-measures ANOVA; [Fig. 2](#fig0010){ref-type="fig"}B2--B3; C2--C3), they were overall greater for the *t*-NMDAR containing neurons compared with those containing *d*-NMDARs alone ([Fig. 2](#fig0010){ref-type="fig"}E). The P~Ca~^2+^ estimated for NMDARs in the MEA were larger than in the somatosensory cortex, likely on account of the number of receptors at these inputs, but not dissimilar between the GluN3-containing *t*-NMDARs and the non-GluN3-containing *d*-NMDARs (15 ± 4 vs. 26 ± 8 respectively; *p* =  0.2, *t*-test; n = 6 and 4 cells respectively; [Fig. 2](#fig0010){ref-type="fig"}E). In contrast, P~Na~^+^ for GluN3-containing *t*-NMDARs was significantly smaller than P~Na~^+^ for the non-GluN3-containing *d*-NMDARs (0.07 ± 0.03 vs. 0.5 ± 0.1 respectively; *p* \<  0.005, *t*-test). Thus, relative to Na^+^, the GluN3-containing *t*-NMDARs were at least 4-fold more permeable to Ca^2+^ than the non-GluN3-containing *d*-NMDARs (P~Ca~^2+^/P~Na~^+^ or the fractional Ca^2+^ current for GluN3-conaining NMDARs \> P~Ca~^2+^/P~Na~^+^ for non-GluN3-containing NMDARs) and were selective for Ca^2+^ over Na^+^ (0 \< P~Na~^+^ \<\< 1). Indeed, influx of excess Ca^2+^ can be excitotoxic to cells and L3 neurons in the MEA belong to a vulnerable population of neurons that are known to perish under conditions of hyperexcitability -- hallmark pathology of Temporal Lobe Epilepsy ([@bib0070]; [@bib0100]).

Discussion {#sec0040}
==========

This study assessed Ca^2+^ permeability and selectivity of native *t*- and *d*-NMDARs at the cell- and input-specific levels in the entorhinal and somatosensory cortices. The data suggests that *t*-NMDARs are four to five-fold more Ca^2+^ permeable than *d*-NMDARs. This increased permeability to Ca^2+^could be accounted for by the GluN3 subunit which endows these receptors with the ability to select for Ca^2+^ over Na^+^. Many of the features that enable their distinction from *d*-NMDARs, including the hyperpolarized reversals and outward rectification of their EPSCs can be explained through GluN3-mediated ion selectivity. In this regard, the extended GHK constant-field equation ([@bib0130]) dovetails well with ion-substitution experiments for assessments of Na^+^/Ca^2+^ permeability and selectivity of synaptic NMDARs in brain tissue.

This study also highlights the contribution of individual subunits and their subtypes in shaping NMDAR function in different brain regions. In the somatosensory cortex for example, we have shown that potentiating paradigms for convergent inputs onto single neurons can be distinct and that synapse-specific enhancements in efficacy are tuned to specific temporal patterns of synaptic activity and the subunit composition of underlying NMDARs. Thus, while delta burst stimulation (0.1--4 Hz) was found to be most efficacious at potentiating *t*-NMDAR-containing synapses at L1 inputs, theta burst stimulation (4--7 Hz) was determined to be most efficacious at potentiating *d*-NMDAR-containing synapses at Str inputs within the same neuron, highlighting the role of the GluN2 and GluN3 subunits in mediating Ca^2+^-dependent synaptic plasticity (Pilli J and Kumar SS, 2014). The Co-expression of *t*- and *d*-NMDARs at individual inputs onto neurons in the entorhinal cortex might therefore enable them to integrate or encode distinct patterns or information through single synapses ([@bib0010]). In a related study in the agranular frontal cortex for example, we showed that pathway specific differences in the GluN2 subunit of NMDARs at callosal and intracortical inputs onto pyramidal neurons accounted for whether the receptors would favor synaptic integration or coincident detection. Thus, GluN2B-containing NMDARs at intracortical inputs, by virtue of their slower decay kinetics, would be amenable to synaptic integration in contrast with the GluN2A-containing NMDARs at callosal inputs which by virtue of their faster decay kinetics would be amenable to coincident detection, thereby highlighting the role of GluN2 subtypes in NMDAR-mediated processing of synaptic information ([@bib0105]). In addition to differences in kinetic properties, these receptors also showed differences in voltage-dependent properties including the affinity with which they bound Mg^2+^. However, their *I--V*s resembled those of *d*-NMDARs in the somatosensory cortex, reversing close to 0 mV with prominent regions of negative slope, indicating the absence of the GluN3 subunit and by extension, the ability to screen cations.

Thus, while all NMDAR subunits offer substrates for binding ligand or co-agonist (among a host of other molecules including Zn^2+^, a cofactor) for optimal receptor function, they appear to have distinct regulatory roles. The GluN1 subunit binds glycine and is responsible for dimerization and activation of the NMDAR and therefore considered mandatory in putting a functional receptor together ([@bib0015]). The GluN2 subunits offer binding sites for glutamate and regulate receptor kinetics via ion channel gating, deactivation and desensitization, which determine the time course of NMDAR-mediated synaptic currents ([@bib0040]). The GluN1 and GluN2 subunits together facilitate the permeability of Na^+^, K^+^ and Ca^2+^ through the NMDAR. The GluN3 subunits bind glycine and together with GluN1 make glycine activated NMDARs that have reduced Ca^2+^-permeability ([@bib0030]; [@bib0060]). We believe that the GluN3 subunit can replace one of the glycine-binding GluN1 subunits and combine with GluN2 subunits to give rise to glutamate-activated *t*-NMDARs in native tissue ([@bib0010]; [@bib0095]; [@bib0170], [@bib0175]; [@bib0235]). Incorporation of the GluN3 subunit in this case not only speeds up the decay kinetics of NMDAR-mediated EPSCs but, as demonstrated through this and prior studies, broadens their dynamic range, fine tunes their activation to specific patterns of neuronal activity for plasticity ([@bib0175]) and importantly, enhances Ca^2+^ permeability by incorporating cation selectivity. Can differences in function between these NMDAR subtypes be accounted for by differences in structure?

Correlating structure with function of t-NMDARs {#sec0045}
-----------------------------------------------

Site directed mutagenesis of amino acid residues within the pore-forming TM2 domains of GluN1 and GluN2 subunits of heterologously expressed *d*-NMDARs shows that cation permeability, especially of divalent Ca^2+^, is mediated by asparagine at location 598 in GluN1 (N598) ([@bib0025]; [@bib0145]; [@bib0150]), the mandatory subunit, and this residue is conserved at homologous positions within all members of the GluN2 subunit family (GluN2A-2D; [Fig. 3](#fig0015){ref-type="fig"}A). Together, these residues constitute the putative selectivity filter that enables permeation of both Na^+^ and Ca^2+^ ions through these receptor channels ([Fig. 3](#fig0015){ref-type="fig"}B). GluN3 subunits (3A and 3B), unlike GluN2, have glycine / arginine instead of asparagine at homologous positions within their TM2 domains ([Fig. 3](#fig0015){ref-type="fig"}A). Expression of GluN1 and GluN3 subunits in *Xenopus* oocytes, HEK cells and juvenile hippocampal slices yields *d*-NMDARs that are activated by glycine instead of glutamate ([@bib0030]; [@bib0075]) and relatively Ca^2+^-impermeable ([@bib0030]; [@bib0125]) cf. ([@bib0160]) even in combination with GluN2 ([@bib0165]). The incorporation of GluN3A in the subunit composition of diheteromeric GluN1/GluN2B-containing NMDARs, on the other hand, causes a ∼5 to 10-fold reduction in NMDA-evoked Na^+^ current in oocytes ([@bib0225]) consistent with what we see in native *t*-NMDARs. However, there is a need for caution in interpreting receptor function across various platforms because co-injection of NR3A with NR1/NR2 subunits in cell expression systems has been reported to yield NMDARs with decreased unitary conductance and Ca^2+^ permeability that is recapitulated in acutely isolated cortical neurons from very young (postnatal day 8) wild-type mice ([@bib0190]). Our data from synaptic NMDARs in intact brain slices across different regions suggest that without GluN3 there is no control over selectivity of either monovalent (i.e. Na^+^) or divalent (i.e. Ca^2+^) cations (GluN3-containing *d*-NMDARs however appear to prefer Na^+^ over Ca^2+^). This situation is altered with the incorporation of GluN3 to make *t*-NMDARs, which acquire selectivity for Ca^2+^ over Na^+^ ([Fig. 3](#fig0015){ref-type="fig"}B).Fig. 3Ion selectivity in di- and triheteromeric NMDARs is dependent on the combination of receptor subunits and ultimately on the sequence of amino acids that compose the selectivity filters in the pore-forming region of the receptor channels. ***A***, NMDAR subunits with predicted transmembrane (TM) regions and TM2 sequence alignment of GluN1; GluN2A, 2B, 2C, 2D; GluN 3A, 3B from rat (RN, *rattus norvegicus*). Amino acid residues determining functional channel properties are indicated in bold and conserved residues determining ion selectivity in red. Numbers refer to amino acid positions within subunits. Abbreviations for the amino acid residues are: A, Ala; C, Cys; E, Glu; F, Phe; G, Gly; I, Ile; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. ***B***, Schematic arrangement of subunits and amino acid residues that constitute the putative selectivity filters in GluN3-containing/non-containing di- and triheteromeric NMDARs (*left*), and their selectivity (enhanced, green; diminished, red) for Na^+^ and/or Ca^2+^ ions (*right*). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 3

Dual regulation of monovalent and divalent cations in *t*-NMDARs is possible through ion selectivity ([@bib0185]; [@bib0195]) alone, or in combination with pore-size/conductance-based screening of ions ([@bib0025]; [@bib0085]; [@bib0250]). Given the data from electrophysiological and/or ion-substitution experiments in the frontal, somatosensory and entorhinal cortices, together with the fact that unsolvated Na^+^ and Ca^2+^ ions are comparable in size ([@bib0205]) ([Fig. 4](#fig0020){ref-type="fig"}A), suggests that the increased permeability to Ca^2+^ and decreased permeability to Na^+^ in *t*-NMDARs arises primarily from GluN3-mediated cation selectivity. Subunit-dependent ion-selectivity represents a previously unrealized mechanism for finer control of Ca^2+^ influx, enhancing the repertoire of synaptic NMDARs. Given that influx of ions through *t*-NMDARs is predominantly Ca^2+^, despite the high extracellular sodium-to-calcium ratio (\[Na^+^\]~o~ : \[Ca^2+^\]~o~ is ∼100:1; [Fig. 4](#fig0020){ref-type="fig"}B1), suggests severe selection against monovalent ions at the synapse. On the other hand, the high intracellular potassium-to-calcium ratio (\[K^+^\]~i~ : \[Ca^2+^\]~i~ is ∼100:1; [Fig. 4](#fig0020){ref-type="fig"}B1) suggests that discrimination against K^+^ ions is low (3000:1) and that reversal potential in these receptors is dominated by \[K^+^\]~i~ rather than \[Ca^2+^\]~i~ ([@bib0085]), and consistent with the hyperpolarized E*~rev~* observed in native *t*-NMDARs. Higher selectivity could facilitate increased permeability on account of the electrostatic repulsion of a monovalent cation by a divalent cation and the speeding-up of divalent cation flow when the channel becomes multiply occupied ([@bib0210]) ([Fig. 4](#fig0020){ref-type="fig"}B2). Note that synaptic currents are smaller when extracellular concentration is raised in our ion-substitution experiments for reasons not well understood; however, a significant change in membrane potential occurs with the movement of very few ions-- only 1 of every 100,000 K^+^ must enter or leave the cell to change membrane potential by 100 mV ([@bib0220]).Fig. 4Factors affecting permeability and selectivity within receptor channels include among others, (***A***) the relative size of ions (blue, *top number*) / atoms (gray, *bottom number*), where numbers indicate radii in picometers; and (***B***) their distribution within the intracellular and extracellular compartments of the postsynaptic element in which selectivity of ions differs significantly. *Inset* schematic showing how selectivity for Ca^2+^ influences its permeability. Note that we do not know what the dwell time for Ca^2+^ is within the pore of receptor channel. Schema for cation selectivity within non-ligand gated ion channels (***C****, left panel*) and ionotropic glutamate receptors (***C****, right panel*) with related examples. The rotary knob (center) is marked with a channel-selector (▼) and three orthogonally-oriented indicators (red) for read out of K^+^, Na^+^ and Ca^2+^ selectivity in selected channels (•) arranged along the periphery of a selectivity dial. Cation selectivity levels are graded (high ↔ low) and color-coded (non-colored regions indicate non-selective and/or impermeance). Note that emergence of Ca^2+^/Na^+^ selectivity entails loss of K^+^ selectivity in both non-ligand gated ion channels and ligand-gated AMPA and NMDA receptors. However, lack of ion selectivity does not necessarily mean lack of ion permeability. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 4

Ion selectivity in ligand-gated ion channels {#sec0050}
--------------------------------------------

Non-ligand gated ion channels have been studied extensively in the context of their role as nature's gatekeepers, allowing certain ions to traverse the membrane while excluding others, to control the electrical state of the cell ([@bib0255]). By comparison, ion selectivity in ligand-gated ionotropic receptors has remained underappreciated despite its potential to regulate activity-dependent processes, set thresholds for receptor-activation and directly influence the efficacy of synaptic transmission. Finer control of Ca^2+^ influx through NMDARs through ion-selectivity, for example, might mean the difference between Long-Tem Potentiation (LTP) and Long-Term Depression (LTD) and the ability to globally regulate synaptic plasticity ([@bib0115]; [@bib0155]; [@bib0215]). In this sense, GluN3-containing synaptic *t*-NMDARs have helped break the stereotype of NMDARs being nonselective to cations while prompting a closer look at subunit composition and the role of receptor subunits per se in regulating ion selectivity in ligand-gated ionotropic receptors. Subunit-mediated changes in ion-selectivity extends beyond NMDARs as seen in the closely related AMPARs which are impermeable to Ca^2+^ when assembled with the GluA2 subunit but become Ca^2+^ permeable without it ([@bib0090]; [@bib0110]). Posttranscriptional modification of a glutamine residue to an arginine at the Q/R editing site in the putative selectivity filter underlies the subunits ability to modulate the permeability of various cations through these receptors ([@bib0020]).

Despite the range in selectivity, from highly K^+^-selective to highly Na^+^- or Ca^2+^-selective, cation-selective channels are structurally related and essentially thought to be variations on K^+^ channels ([@bib0255]). The breakdown of a conserved signature sequence of amino acids (TVGYG) in the selectivity filters of highly K^+^-selective channels enables the emergence of Na^+^ and eventually, Ca^2+^ permeability in these channels which constitute a continuum of channel types with variable levels of K^+^, Na^+^ and Ca^2+^ selectivity. The empirically deduced schema for ion selectivity in these channels, hypothetically depicted with a "selectivity dial" ([Fig. 4](#fig0020){ref-type="fig"}C, *left panel*), shows the channels (•) arranged along the periphery of a rotary knob marked with a channel-selector (▼), and three orthogonally oriented indicators (red) for readout of K^+^, Na^+^ and Ca^2+^ selectivity. Cation selectivity levels are graded, color-coded (white/non-colored regions indicate non-selective and/or impermeant), and strategically positioned around the dial to capture the dynamics of change in ion selectivity as the knob is rotated. Thus, it can be inferred that loss of K^+^ selectivity is associated with the emergence of Ca^2+^ permeability ([@bib0255]) and conversely increases in Ca^2+^selectivity come at the expense of corresponding decreases in Na^+^ permeability. We queried if this schema for cation selectivity in non-ligand gated ion channels extended to ligand gated AMPA and NMDA receptors ([Fig. 4](#fig0020){ref-type="fig"}C, *right panel*) and whether it could reconcile the subunit-specific differences in cation selectivity observed via physiology. We find that most, if not all, known types of glutamatergic receptors fit the schema for ion selectivity in non-ligand gated ion channels including, but not restricted to GluN3-containing synaptic *t*-NMDARs ([@bib0010]; [@bib0170]). This suggests that evolutionarily conserved principles of cation selectivity in ion channels transcend the distinction of whether they are ligand-gated or not. Subunit-mediated alterations in ion selectivity enable synaptic NMDARs to regulate Ca^2+^ influx relative to Na^+^ - a nuance with potentially far reaching functional implications covering the gamut from synaptic plasticity to cell death.
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